Abstract: A payback (PB) period calculation study was performed to evaluate the relevance of using a real-time tensiometer technology to manage irrigation in cranberries. By using wireless tensiometers collecting real-time information at different locations in the field, growers can avoid over or under irrigating some of their beds. They can also identify underlying subsurface hydrological processes that may affect crop growth. The study is based on a survey of problems encountered in the field and on the yield response associated with changes in irrigation practices in case studies and research experiments. It shows that the gains associated with the use of real-time wireless tensiometers and subsequent modifications made to drainage and irrigation in some of the beds generated a PB within a year, in most scenarios, with the price of cranberries between CAN$0.12 and $0.38 lb −1 , for farm operations covering 20-400 ha (50-1000 acres).
Introduction
Water use is a growing concern in most of agricultural crop productions. Cranberries are a high-value crop, grown mostly in North America, and cranberry production requires intensive water use (Pelletier et al. 2016 ).
Indeed, the crop is grown on a bed composed of a sand layer of a variable height (usually about 40-60 cm thick, sometimes thinner particularly in older beds and operations) over an impermeable layer, usually made of a clay or a peat layer. These beds are all surrounded by berms and ditches to control the water level ( Fig. 1) . At harvest, the water level is raised until the berries are submerged and float, and the fruit is then pumped out. In the fall, the water level is raised to ensure that a layer of ice covers the buds to protect them from winter frost and desiccation. Water is also used for frost protection during cold spring nights and to control heat stress in hot temperatures. Finally, and most relevant to this study, irrigation water is applied to meet the needs of the crop during vegetative and fruit growth. Hence, the overall water requirements of this crop are very high.
Cranberry yield is also highly sensitive to variations in mean soil water potential during fruit development. Changing from wet to dry irrigation management can generate water savings and yield increases if the crop was previously over irrigated. Recent technological developments have led to the use of wireless tensiometers with cranberry with well-defined irrigation set points, resulting in significant water savings (Bonin 2009; Caron et al. 2016) . Moreover, the fact that some of this technology is wireless and GPS-equipped means it can be used to generate large state-space data to identify under-or over-drained zones in beds, which may affect crop yields. Significant yield increases in recent years have coincided with extensive use of various technological tools (tensiometer and water content probes) by cranberry growers, with wireless tensiometer systems being the most widely used (Fig. 2) .
However, despite the improvements seen in water use (Pelletier et al. 2013) , no economic study has been carried out on the use of wireless tensiometer technology. Hence, the objective of this study was to quantify the economic benefits of using such a system to manage irrigation during cranberry fruit growth.
Materials and Methods
This study was conducted in three steps (Fig. 3) . First, a preliminary study was conducted to define a basic farm unit. Given that there were little data available and that farm operations varied greatly in size, a phone interview with 14 different growers using the technology selected at random and external consultants was conducted. Additionally, a literature review and a summary of collected data were done to identify basic farm units to ensure representative payback (PB) period calculations. The main study was then conducted along a first axis in which wet irrigation management was compared with dry irrigation management that allowed for reduced water consumption with no decrease in yield (Fig. 4) , consistent with results obtained on four different sites by Pelletier et al. (2013) . Some calculations were therefore performed to consider PB associated with a better irrigation management and water savings only. However, because the use of such technology in case studies has enabled researchers and advisors to identify zones that were too dry or too wet, this study also included calculations along a second axis, in which zones that were too wet or too dry were identified, and changes to irrigation and drainage were then made to correct the problems (Fig. 5) . From there, calculation matrices were built to calculate the PB for various types of management, rainfall conditions, cranberry prices, and farm sizes. The model was validated with the help of a working task force and external experts, and their comments incorporated to generate the final calculations presented below.
Basic investment

Real-time tensiometers
The basic investment required is presented in Tables 1  and 2 , and includes operating costs associated with the installation of those units and monthly operation fees for wireless communication. The investment budget needed to acquire a real-time tensiometer monitoring system is based on the average number of tensiometers per surface unit recommended by a sales representative (C. Letendre, Hortau, Lévis, QC, personal communication) . The data in Tables 1 and 2 are based on costs in 2014, but the cost is expected to remain roughly the same in 2016 (C. Letendre, Hortau, Lévis, QC, personal communication). Installation costs are billed the first year and come to CAN$85 (subsequent monetary values are in Canadian dollars) per tensiometer and $595 for a complete Web station. Customers receive training to enable them to handle future reinstallations autonomously. Annual fees are billed monthly to cover access to the Web network, regular software updates, and data transfer and access, from April to October. When more than six tensiometers are required, a $10 fee is charged for each additional unit. From November to March, monthly fees are halved. Based on years of experience, maintenance and repair costs are negligible and were therefore ignored in this study. The amortization period was considered to be 5 yr, consistent with the duration of equipment observed in the field. Other wireless and tensiometers or water content systems will cost roughly the same but were not included in this study, as no performance data were available for cranberry with such systems. 
Irrigation management
Most growers use diesel pump engines to power their irrigation systems. Diesel engines are less costly to operate than electrical pumps and can be managed entirely by the growers themselves, allowing more control over irrigation. The study only took into Maintaining average tension in the dry end side of the top -yielding zone allows reducing water use with no yield decrease (Pelletier et al. 2013 ) while maintaining average tension outside of these ranges (too wet or too dry) causes yield drops (Pelletier et al. 2013 (Pelletier et al. , 2016 Caron et al. 2016; Laurent 2014 Note: Economy of scale means that the cost per acre decreases as farm size increases. Annual fees for a 50 acre farm are $18 acre −1 , but fall to $7 acre −1 for 200 acres, $6 acre −1 for 500 acres, and $5 acre −1 for 1000 acres. 
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account both diesel fuel and manpower requirements, the overall irrigation cost amounts to $0.328 mm
).
Crop response and water savings associated with different irrigation set points
Previous work (Bonin 2009; Pelletier et al. 2013; Caron et al. 2016; Laurent 2014) has confirmed the general sensitivity of this crop to small changes in soil water potential, and therefore, this overall relationship between crop yield and average matric potential for different irrigation management was used to quantify any crop response associated with changes in water potential (Fig. 5) . Pelletier et al. (2013) carried out an extensive 2 yr study at four different locations (one in the Montreal area, two in central Quebec, and one in Wisconsin), in which wet irrigation management (initiated at −5.5 kPa) was compared with dry irrigation management (initiated at −7.5 kPa). They reported notable reductions in water use with no differences in yield as long as the irrigation set points were maintained above −8.0 kPa. Below this limit, an 11% drop in yield was observed. Because previous studies revealed that wet and frequent irrigation was most commonly used by growers, the control treatment in this study corresponded to the wet irrigation regime investigated by Pelletier et al. (2013) , and assumed that such an irrigation management would be the observed result of no use of technology. Prior to the introduction of irrigation technology, most growers irrigated for a 2 h period every other day and would disregard the contribution of capillary rise (Elmi et al. 2010; Caron et al. 2016; Vanderleest et al. 2017) , which resulted in such a high matric potential (−5.5 kPa) of a wet irrigation management (or even higher values (<−5.5 Pa)). Access to technology like wireless tensiometers, which integrate the combined effect of capillary rise, rainfall, and irrigation on available water with defined set points , would enable growers to implement a dry irrigation management.
During fruit development (mid-June to early September), hydric stress can be a major concern (Pelletier et al. 2015a (Pelletier et al. , 2015b . It was thus important to take rainfall into account in the calculations performed in this study. Rainfall distribution data collected over 23 yr by Environment Canada from neighbouring weather stations were studied for all sites in Canada. The means of the five most extreme values for both a dry and a wet summer were used to represent the most extreme conditions. Hence, the data for the five driest years represented a dry summer, the five wettest, and a wet summer, and finally an average season was calculated from the 13 remaining data sets over the same period. Table 3 shows the average rainfall for the months of July and August at the different sites. Rainfall in 2011 and 2012 corresponded to either a dry or a wet summer, on all four sites. An average summer was assumed to have lasted for 10 yr and was therefore used in the simulation done to calculate the PB under constant average rainfall conditions. Such a scenario is likely to occur 50% of the time and remains the most probable rainfall distribution to occur. Historical records from Environment Canada indicated a 35% probability of experiencing a wet summer, and a 15% probability for a dry summer. For Wisconsin, data also corresponded to a dry (2011) and a wet season (2012) and were obtained from an on-site weather station. The sensitivity analysis (see below) therefore included these three possible scenarios in investigating the effect of rainfall on the PB.
Spatial management of irrigation and drainage
Hydraulic properties and drainage configurations were investigated and studied extensively on many experimental sites (Gumiere et al. 2014) . Different fields were found to show significant variations in mean soil water potential and associated effects on crop yield. A heterogeneous irrigation system, the presence of a compacted layer within the upper section of the profile, drainage system design, subsurface hydraulic processes, and soil characteristics were all observed to affect the spatial variability pattern (Pelletier et al. 2015a (Pelletier et al. , 2015b and create zones that were either too dry or too wet. Overly wet conditions in the field were usually corrected by either doubling the number of drain tiles, cleaning the drain tiles, or digging new ditches or cleaning existing ones, and the investment Note: The costs are amortized over a 20 yr period as they are considered an investment in land improvement. required for these improvements was relatively low (Table 4 ). Based on information from a drainage expert, a cost of $1200 acre −1 was considered normal for this type of soil improvement. The cost was amortized over 20 yr, and a 10% yield loss for the entire field was assumed for a 2 yr period (Table 5) , to account for possible damage to the field and the time required to re-establish the crop at excavation locations. ) would be expected, consistent with earlier studies (Bonin 2010) . To correct irrigation management in the dry zones, minor adjustments were made (replacing sprinklers, adding extra pipelines), which were simply too insignificant to be considered in the overall economic model. Again, a 2200 lb acre −1 (2235 kg ha −1
) increase was estimated based on the previous survey (Bonin 2009; Caron et al. 2016 ).
Calculation of the additional gross and net margins and the PB period
The additional gross margin was calculated as the sum of the savings associated with the reduction in irrigation and the yield increase resulting from land improvements, for balanced irrigation management (75% of the surface under optimal irrigation management) as well as for wet irrigation management (70% of the surface poorly drained and needing improvement). Calculations were also performed for gain in productivity associated with water savings only (axis 1 only). It considered no yield increase but simply water savings in the too wet zones (20% or 70% depending whether it was on a balanced or a wet irrigation management), the zone under optimal management (75% or 30%), or too dry zone (5% for balanced irrigation management). In such case, it was considered that no water was to be applied in the too wet zones for wet and normal summers, water savings were generated in the optimal zones, and extra water needed to be applied in 5% of surfaces under balanced irrigation management. In dry summers, it was assumed that wet surfaces would receive the water application of the dry treatments (irrigation initiated at a threshold at −7.5 kPa). Calculations were performed for the total surface area considering the relative contribution to water savings of these different zones within a single farm operation for both a balanced and a wet irrigation management.
As the additional gross margin varied with rainfall, these gains were estimated for a wet, an average, and a dry summer independently. The additional gross margin was calculated by subtracting the total annual costs (see Table 11 ) from the gain in productivity. Annual costs included the amortized cost of the equipment, annual maintenance fees, amortized installation costs, financing expenses, the cost of the land improvement amortized over a 20 yr period, and yield losses over the first 2 yr due to land improvement field work and excavation (see above), also amortized over 20 yr. The PB was calculated by dividing the additional net margin by the total investment needed to buy the sensor technology. The PB represents the number of years required to reimburse the investment capital and was calculated by dividing the cost of the sensor technology and installation fees by the additional net margin.
Results
Type of farm operations
The results of the survey (Fig. 6) showed that farm operations vary in size from 20 to 400 ha, with most around 80 ha, in addition to one very large operation at 400 ha, some intermediate operations at 200 ha, and some very small operations. Simulations in this study were thus done for four farm sizes: 20, 80, 200, and 400 ha. A 3 yr study of irrigation management practices on 20 cranberry farm operations was carried out by Bonin (2010) . Real-time tensiometer data showed that out of the 20 farms surveyed, 85% had moved from a 2 h irrigation period every other day, consistent with the literature (Elmi et al. 2010) , to a more balanced irrigation treatment, generally closer to the wet regime reported by Pelletier et al. (2013) . Bonin (2010) reported that notably, 75% of the related surfaces had soil matric potential values' characteristic of the cranberry maximum yield zone. Despite this, 20% of the field areas surveyed were still considered too wet while 5% were too dry, owing to multiple factors, as outlined above. Bonin's (2010) study also showed that 15% of growers maintained a wet irrigation management approach, which resulted in 70% of the growing area being too wet while 30% of the fields had optimal water management during the growing cycle (Fig. 6) . The benefits of using sensor technology for irrigation management are twofold: irrigation costs are reduced (axis 1, Fig. 5 ) and improvements to drainage and irrigation systems lead to increased yields (axis 2, Fig. 5 ).
Irrigation costs (axis 1)
Irrigation "costs" consisted only of energy (diesel) and manpower savings. Indeed, for an average summer, the savings associated with reduced diesel fuel consumption amounted to $90.41 acre −1 and the savings for manpower was $54.22 acre −1 (Table 6 ), based on the average amount of water applied in Pelletier et al. (2013) study (Table 7) , resulting in a net gain of $144 acre −1 . Obviously, net savings varied with rainfall, reaching $88.23 acre −1 for a wet summer and $201.65 acre −1 for a dry summer. Again, based on the average amount of water applied (Table 7) , the total cost for irrigation was $0.328 mm
). Water savings increased the net margin more importantly during a dry summer than in a wet summer because more water had to be applied, for both irrigation management and size farm (Table 8) . Overall, the net additional margin varied from $25 to $120, which resulted in a PB between 0.48 yr for the 500 acre to 4.3 yr for the 50 acre operation size under a balanced irrigation management. Therefore, it indicates that with such irrigation technology, the PB period still remained below the 5 yr amortization period of the equipment.
Drainage and irrigation improvements (axis 2)
Yield increases associated with the existence of too wet or too dry zones on the farm operation and its subsequent correction generated a significant gain in productivity for both normal irrigation management ($278 acre −1 ) and wet irrigation management ($875 acre −1 ) ( Table 9) . Such values are clearly much higher
per acre than what it is from water savings only (Table 8) , which is consistent with studies with other crops. The largest benefits therefore appear associated with the identification of zones facing drainage or compaction problems. Therefore, most of the gains in gross revenues in Table 10 were associated with the existence Fig. 6 . Basic model generated to perform payback (PB) calculations for different farm sizes and irrigation management regimes. of overly wet zones in both the balanced and the wet irrigation management operations (not shown). For balanced irrigation management operations of all sizes, under normal weather conditions, 75% of the gains came from yield improvements while 35% came from a reduction in irrigation costs, with 63% from energy savings and 37% from a reduction in manpower. When net margins were weight averaged for the different summer types ("season averaged" in Table 10 ), the net margin varied between $13 908 and $349 403 per year for an expected $278-$349 per acre. For the balanced irrigation management, the PB was less than a year full for most scenarios, but for smaller farm operations (50 acres) where it reached a maximum of 1.55 yr which still remains short relative to the expected lifetime of the technology (Table 11 ). For the wet irrigation management operation, which represents 15% of farm operations, the PB was extremely rapid because the change in irrigation management had a greater impact on yield, fluctuating between 0.13 and 0.47 yr (Table 11 ). The PB periods are therefore clearly lower than the value obtained with water savings only (Table 8 ). These data indicate that not only does the technology pay for itself rapidly (PB <1 yr for most scenarios) but also adds $275-$350 acre −1 in net gains.
Basic model: operation size and types
Driving variables
The PB also obviously depends on many other factors, such as farm size, the price of cranberries, and weather conditions (Tables 11 and 12 ). Nonetheless, in all cases in this study, the PB period was short (less than 1 yr for nearly all scenarios) relative to the lifetime of the equipment and the amortization period considered (5 yr).
The PB period decreased with increasing farm size. Less equipment per acre is required to manage irrigation over larger areas, which results in reduction of the net cost per surface unit managed. The PB period was calculated using a mean price for cranberries of $0.25 lb −1 (Table 11 ). The fruit price varied significantly from year to year, however, and the PB period was obviously shorter for a higher cranberry price ($0.38 lb −1 ) and longer for lower prices (Table 12) . Nevertheless, even with price of cranberries as low as $0.12 lb −1 , the PB period remained at a year or less, except for the case of one small farm operation using a balanced irrigation management regime, where the PB period reached 2.96 yr (Table 12) . Finally, it is clear that weather conditions do affect water use. As expected, the drier the summer, the higher the irrigation requirements (Table 7) . Hence, the PB period decreased for drier summer and increased for a wet summer (Table 11) , consistent with higher gross margins for a drier summer (Table 10) . For an average summer, the calculated PB period remained at less than a year in the majority of cases (0.14-1.25 yr). Hence, again regardless of the irrigation scenario, the PB period remained within 5 yr.
greater economic benefits from improved plant development, as cranberries are a perennial plant. Plants will be in better condition and stem division will be improved, which will help stabilize yields from year to year and reduce the risk of disease and insect damage. With respect to the environment, reduced irrigation during plant development will lessen the risk of leaching and preserve groundwater quality. Finally, more stable yields will result in more stable farm revenues and improve long-term economic viability. However, such benefits are expected on farms on which the average potential is relatively easy to maintain due to a thick sand bed (40-60 cm). Some of the conclusions cannot be necessarily extrapolated to cranberry beds made of thin (15-20 cm sand over an impermeable layer) sand beds. Indeed, in such beds, the average soil matric potential will gradually return to wet values around −1.5 to −2.5 kPa, after irrigation or rainfall and drainage. The soil will therefore not remain within the optimal soil water potential zone of the yield response curve (Fig. 4) for extended periods in such beds. The PB is therefore expected to be lower in such cases but the study still indicates that larger benefits may be expected if the thickness of the sand layer is increased by regular sanding during year-to-year operations. This study investigated the PB associated with one single product, a wireless buried type tensiometer (Hortau), because of its importance on the market and of the existence of full-field studies to support the performance data. However, alternative products designed to measure water potential or water content do exist and could be used at a similar cost. The PB would be expected to be of similar magnitude, provided that the accuracy and performance of the products implemented were comparable with that of the technology used in this study.
The study clearly demonstrates the relevance of implementing soil monitoring technologies to improve the profitability of cranberry production. Growers should be aware, however, that use of such technology requires regularly paying attention to fluctuations in the soil matric potential to adequately manage irrigation and identify potential compaction and drainage problems and lack of irrigation uniformity. This means the grower must also have easy and frequent access to the data. Hence, a constant human or programmed follow-up of constant communication and proper operation of the equipment may be needed to avoid accidental damages to the equipment installed in the field which may result in malfunctioning.
This study does not consider additional benefits associated with the technology. The sensors can in fact be linked to temperature probes for frost and heat stress control, significantly shortening the PB period. The PB estimates generated in this study are therefore considered to be conservative for 40-60 cm cranberry sand beds. Likewise, the study does not consider the fact that with such real-time information, irrigation management can be automated for better timing between stress detection and intervention. Finally, such sensors can detect water table depth and can be used with controlled subirrigation devices, which could further reduce water consumption (Pelletier et al. 2015b; Vanderleest et al. 2017) .
Conclusions
This study confirms a very short PB period for a realtime wireless tensiometer technology used in cranberry production. Most scenarios had a PB period of less than a year; hence, the time required to recover the investment cost is much shorter than the expected lifespan of the equipment. The study also shows that PB is affected by farm size, with the PB period decreasing as farm size increases. Cranberry prices affected the PB, but the PB remained less than a year for the vast majority of the scenarios under study. The shortest PB was mainly associated with yield improvement resulting from detection and correction of local drainage problems. These results underline the importance of installing probes at different locations to ensure that problem areas are detected, so that appropriate corrections can be made to generate additional yield increase.
